across different scales suggests, by contrast, that there is some kind of 'cross-talk' between modules. One possibility is that modules constrain each others' formation by the same kind of cooperative/competitive dynamic that generates grids in the first place. That is, perhaps modules are the end product of the brain's attempt to organise continuously varying grid scales and orientations within the same interacting cell population, by analogy with the way in which discrete political parties emerge from society's attempts to organise the underlying continuum of political views. Studies of grid formation during development may help answer this question.
The second question raised by the findings is a functional one: do these modules serve a purpose? It is not yet clear why independent modules would be a useful organisational feature for a map grid, but one possibility is that different modules have different roles, such as perhaps to represent spaces of different sizes. Alternatively, perhaps the variation in size and orientation serves to break up the otherwise repeating pattern that forms when homogeneous grids combine, allowing unique spatial patterns to emerge in the downstream neuronal population, the hippocampal place cells [7] .
Clearly, there is much still to discover about this fascinating system. Whatever the origin and function of the discrete organization of entorhinal cortex, its discovery will be important in shaping our understanding of how the brain's grid reference develops and functions. Not only that, it may also advance our understanding of organizational principles in cortical systems more generally.
Integrative Cell Biology: Katanin at the Crossroads A new study showing a functional and physical interaction between the ROP effector RIC1 and the microtubule severing enzyme katanin brings together auxin signaling and microtubule ordering in Arabidopsis pavement cells.
Olivier Hamant 1,2
The nexus between upstream signaling receptors and downstream effectors is often thought to rely on complex cascades. In fact, only portions of such transduction pathways have been identified so far and the exact topology of these cascades remains to be fully characterized. A new study, recently published in Current Biology by Lin, Cao et al. [1] provides an interesting example in which a rather simple pathway causally links auxin perception, Rho GTPase activation, katanin activity, microtubule ordering and finally cell shape in plants.
The epidermal cells of most plant leaves -pavement cells -exhibit a very peculiar puzzle shape, with necks and lobes. While the biological function associated with this shape remains elusive, these cells represent excellent systems to investigate the processes controlling morphogenesis and polarity. Mechanistically, it has been proposed that the bundling of microtubules in necks ( Figure 1 ) reinforces the cell wall, via the deposition of cellulose along the microtubule tracks. Like a balloon with local thickenings, the presence of turgor pressure coupled with local wall reinforcements promotes the formation of outgrowths between the area where microtubules bundle, hence the jigsaw puzzle shape of these cells. The regulatory pathway that is behind this original microtubule pattern has been investigated thoroughly in the past decade, notably highlighting the essential role of the small Rho GTPase in plants (ROP) [2] .
As also observed in animal cells, the Rho GTPases play a crucial role in polarity establishment in plants. In pavement cells, the activation of ROP6 and its effector RIC1 in the necks promotes the bundling of microtubules in these areas [3] . Interestingly, auxin, via one of its receptors, ABP1, can activate ROP6 and ROP2 (Figure 1 ) [4] . ROP2 preferentially promotes actin assembly in the lobes through its effector RIC4, and this actin assembly locally inhibits the internalization of the auxin efflux carrier PIN1, which is then trapped at the membrane where ROP2 is further activated by extracellular auxin [5] . As ROP6 does not exhibit such a feedback loop on PIN1, this network is in principle sufficient to generate initial heterogeneities that can then build up into morphological changes between these different cellular zones.
Lin, Cao et al. looked at the other end of the cascade, that is, the link between RIC1 and microtubule bundling [1] . They found that RIC1 interacts with, and potentiates, the microtubule-severing protein katanin ( Figure 1 ). This is a remarkable result for two main reasons. Firstly, katanin is well-characterized biochemically -it has been shown to cut microtubules in all kingdoms [6] and this activity has been related to many biological functions, including chromosome segregation (e.g., [7] ), cell shape (e.g., [8] ), growth heterogeneity [9] , hormone signaling (e.g., [10] ) and microRNA action [11] . Secondly, katanin is also a very interesting target because cell biology and modeling studies have demonstrated that by severing microtubules, katanin promotes microtubule encounters in plants -released microtubule fragments are transported through the cytoplasm by polymer treadmilling, allowing them to zip up with one another and form parallel bundles [12] [13] [14] [15] . Therefore, the study by Lin, Cao et al. not only clarifies a missing link between auxin signaling and microtubule ordering, but it also provides a didactic example where several models -the patterning of ROP by auxin and the self-organization of microtubules by katanin -are brought together in a coherent picture.
Several questions remain, such as the mechanism controlling the orientation of microtubules, and whether the exclusion between ROP2 and ROP6 is robust enough to explain this pattern. Nevertheless, this study represents an essential step forward that also illustrates the level of integration that cell biology reaches today. Over the years, the reductionist approach has provided many essential factors involved in specific biological functions -as the number of identified factors increases and their interactions are better described, cell biology becomes more and more integrative. For instance, a link between the stem cell regulator PLETHORA and cell division plane orientation has recently been shown to rely on a cascade involving auxin signaling, MAP65 activation and CLASP relocalization inside the cell [16] . Although it is difficult to make definitive predictions based on the limited number of such integrative networks, one could guess that short and simple cascades will be the rule rather than the exception.
Let's look ahead. As the number of known interactions between modules increases, the behavior of the full network will only be testable using computer modeling strategies. This also implies that this will change the way we read and write research articles (see, for example, [17] ). Furthermore, the topology of the network will need to include geometrical and mechanical features, downstream and upstream of the molecular effectors, to causally link gene activity and shape. For instance, the impact of microtubules on shape changes remains correlative at this stage and it is only through a quantification of the impact of microtubules on the mechanical properties of the cell wall that this link can become causal. This proof will require improved imaging and modeling techniques to include the cell geometry in 3D, and its spatialized mechanical status, as potential signals interfering with the characterized modules (see, for example, [18] ).
Lastly, our current view of many signaling cascades is rather biased by our tendency to summarize a finding by its average, with a diagram with multiple arrows (as shown in Figure 1 , for instance), thus excluding the relative high stochasticity that microscopy images or expression data display. The multiple, and sometimes relatively chaotic, microtubule orientations in pavement cells actually provide a clear example of such stochasticity. To address this question, super-resolution imaging is likely to become more and more essential, notably to perform single-molecule tracking. The quantifications of these local and non-linear effects should then be coupled to, or uncoupled from, the averaged measured output. This analysis will probably shift our view on how the network functions, as the observed stochasticity is likely to be more than a simple white noise, actively contributing to the function and regulation of the network, in parallel to its topology [9, 19] .
Despite the many benefits, living in a society has its drawbacks. Chief among these is the likelihood that some individuals will disproportionately exploit the common property of the society, to the disadvantage of the majority. Take parking. There's nothing more irritating than someone parking you in. In fact it's so annoying that we (our society) pay people to walk around fining double parkers. In making and enforcing laws about parking, the collective imposes its will over the individual. This can be annoying when we personally get fined for what was definitely a minor transgression that didn't hurt anyone. In the end though, most of us grudgingly acknowledge that without policing there would be parking anarchy and our parking experiences would be even less convivial. Thus, the inherent conflict between the individual and the collective is managed by passing generally-agreed-to laws that are enforced by police. The principle of policing can be scaled up to global enforceable agreements, such as those that may one day curb greenhouse gas emissions, and down to insect societies, as emphasised in a new paper by Teseo and colleagues [2] in a recent issue of Current Biology.
There are at least four potential conflicts that may afflict an insect society [1] : conflict over sex allocation (i.e. the proportion of male and female offspring a colony should produce), conflict over caste fate (i.e. which female larvae should develop as queens -all would like to, but not all can), conflict over queen production (workers might prefer their full sisters to become the daughter queens of a colony rather than half sisters), and conflict over male production (should workers or the queen be the mothers of the colony's males?).
These conflicts all arise from asymmetries in relatedness between the various members of a colony. Relatedness coefficients -the proportion of alleles in two individuals that are identical by descent -are complicated to compute (interested readers may consult van Zweden et al. [3] for a pictorial summary), but consider as an example the simplest case of a haplo-diploid (queens are diploid, and haploid males produced by parthenogenesis) insect society in which there is a single queen that mated once. In such cases, the workers
